In a recent letter [Phys. Rev. Lett. 108, 172003 (2012), arXiv:1109.2480] we have reported on a lattice QCD calculation of the heavy-hadron axial couplings g1, g2, and g3. These quantities are low-energy constants of heavy-hadron chiral perturbation theory (HHχPT) and are related to the B * B π, Σ * b Σ b π, and Σ ( * )
I. INTRODUCTION
Two important symmetries which allow many predictions in nonperturbative QCD are chiral symmetry [1] and heavy-quark symmetry [2] . Both symmetries are a consequence of the large separation of scales in the quark masses, relative to the intrinsic scale of QCD. In chiral perturbation theory, an expansion is performed around the limit where the light-quark masses vanish, and the dynamics is determined by derivatively coupled pions, associated with the spontaneous breaking of chiral symmetry. In heavy-quark effective theory, an expansion is performed around the static limit, where a quark mass is infinitely heavy. In that limit, the heavy quark acts as a pointlike color source with a fixed velocity, and the spin of the heavy quark decouples. Corrections to the static limit are suppressed by powers of Λ QCD /m Q , where m Q is the heavy-quark mass. Because Λ QCD /m b is particularly small, the static limit is a good approximation to describe the dynamics of hadrons containing a bottom quark. For charmed hadrons, the static limit is still a reasonable first approximation.
At the hadronic level, the combination of chiral symmetry and heavy-quark symmetry into a single effective theory leads to a framework known as heavy-hadron chiral perturbation theory (HHχPT), which describes the interactions of heavy-light hadrons with pions and kaons [3] [4] [5] [6] [7] [8] . At leading order, the HHχPT Lagrangian contains three axial couplings g 1 , g 2 and g 3 . The coupling g 1 determines the strength of the interaction between heavy-light mesons and pions, while g 2 and g 3 similarly determine the interaction of heavy-light baryons with pions.
In the meson sector, the strong decay B * → B π is kinematically forbidden. However, virtual pion loops contribute to much of the physics of B mesons, and the coupling g 1 appears in calculations of important observables such as B meson masses, decay constants, bag parameters and form factors within chiral perturbation theory [9] [10] [11] . Precise knowledge of these hadronic observables is needed for flavor physics, both within and beyond the Standard Model. In this context, chiral perturbation theory is needed, in particular, to describe the quark-mass dependence of lattice QCD results for such observables. Most current lattice QCD calculations are performed at unphysically large values of the up-and down quark masses to reduce the amount of computer time needed. The results from a range of quark masses must then be extrapolated to the physical values of the light-quark masses. Chiral perturbation theory predicts the functional form needed for this extrapolation, but the uncertainty in the final result is influenced significantly by the uncertainty in the value of the axial coupling g 1 [12] .
While most of heavy-flavor physics has traditionally focused on the B mesons, measurements at the LHC and super-B factories will extend the knowledge of flavor physics in the bottom-baryon sector, which provides complementary constraints on new physics models because of the different spin of the baryons. Therefore, lattice QCD calculations of bottom-baryon observables such as form factors are needed, and as in the meson sector, chiral extrapolations of the data need to be performed. For baryons, the accuracy of such extrapolations can be improved dramatically if the values of the couplings g 2 and g 3 are known. The coupling g 3 is related to the strong decays Σ ( * ) b → Λ b π, which are kinematically allowed. The widths of these decays have recently been measured at Fermilab [13] , but the experimental uncertainty is still large.
The axial couplings g 1 , g 2 , and g 3 are calculable from the underlying theory, QCD. The only reliable approach for these nonperturbative observables is lattice QCD. While there are no previous lattice calculations of g 2 and g 3 , a number of groups have performed lattice computations of the coupling g 1 , both in the quenched approximation (i.e. neglecting the vacuum-polarization effects of light quarks) [14] [15] [16] and with n f = 2 dynamical flavors [17] [18] [19] . In these lattice calculations, one computes matrix elements of the axial current, and relates these matrix elements to the coupling g 1 . To fit the data and extract g 1 , theoretical knowledge of the light-quark mass dependence of the axial-current matrix elements is required. The previous lattice calculations used fits that were linear or quadratic in the pion mass, or including logarithms, but the correct chiral perturbation theory predictions were not known.
We have recently derived the expressions for the axial-current matrix elements at next-to-leading order in partially quenched heavy-hadron chiral perturbation theory, both for the mesons and the baryons [20] . We have then performed the first complete lattice QCD calculation of the three axial couplings g 1 , g 2 , g 3 , controlling all systematic uncertainties [21] . In the following, we discuss important details of the analysis that were omitted for brevity in Ref. [21] , and present some additional results.
Our calculation includes n f = 2 + 1 flavors of dynamical light quarks, and makes use of data at six different values of the quark masses corresponding to (valence) pion masses as low as 227 MeV. Two different lattice spacings of a = 0.112 fm and a = 0.085 fm are used to perform a continuum extrapolation. The spatial volume is (2.7 fm)
3 , large enough so that finite-size effects are very small and can be removed by using finite-volume heavy-hadron chiral perturbation theory in the p regime. Because the axial couplings g 1 , g 2 , g 3 are defined in the static limit, we use the static lattice action of Ref. [22] , modified using smeared gauge links to reduce noise [23] , for the heavy quark. We implement the light quarks with a domain-wall action [24] [25] [26] . This is a five-dimensional formulation that realizes a lattice chiral symmetry for the four-dimensional theory, which becomes exact, even at finite lattice spacing, when the extent of the auxiliary fifth dimension is taken to infinity. As a result, the renormalization of operators is simplified and discretization errors are small. Our calculations make use of gauge field ensembles generated by the RBC and UKQCD collaborations [27] .
This paper is organized as follows: We begin with an introduction to HHχPT in Sec. II A. We derive the matrix elements of the axial Noether current at leading order in HHχPT using canonical quantization in Sec. II B. The ratios of correlation functions used to calculate the corresponding matrix elements in lattice QCD are constructed in Sec. II C, where we also show their spectral decomposition. The details of the lattice actions and parameters are given in Sec. III. We present the numerical results for the ratios of correlation functions in Sec. IV A, and explain our method for extracting the ground-state contributions to the matrix elements in Sec. IV B. In Sec. IV C, we then describe the chiral fits using SU (4|2) HHχPT, including the effects of finite volume and nonzero lattice spacing. We compare our lattice QCD results for the axial couplings to various estimates reported in the literature in Sec. V. The calculations of heavy-baryon decay widths are presented in Sec. VI, and we conclude in Sec. VII. Appendix A contains further plots of numerical data, and Appendix B contains a comparison of our ratio method with an alternative approach (the summation method).
II. AXIAL COUPLINGS FROM RATIOS OF CORRELATION FUNCTIONS
A. Heavy-hadron chiral perturbation theory For hadrons containing a heavy quark (or antiquark), in the static limit m Q → ∞, the spin of the light degrees of freedom, s l , becomes a conserved quantum number. The lowest-lying static-light mesons have s l = 1/2, and are therefore grouped into pseudoscalar mesons, described by a field P i , and vector mesons, described by a field P * i µ . We work with heavy-light mesons containing a light quark of flavor i = u, d and a heavy antiquark. The vector meson field satisfies v µ P * i µ = 0, where v is the four-velocity; this is a parameter of the effective theory, subject to the constraint v 2 = 1. Because of heavy-quark spin symmetry, the pseudoscalar and vector mesons are degenerate. To make the heavy-quark symmetry manifest, the pseudoscalar and vector meson fields can be combined into a single field H, which is 4 × 4-matrix-valued and given by [3, 9] 
This field satisfies the constraint H i 1−/ v 2 = H i . Next, we consider static-light baryons containing two light quarks of flavors i and j and a heavy quark. We include both the states with s l = 0 and s l = 1. The states with s l = 1 form two multiplets with J = 1/2 and J = 3/2, and are described by a Dirac spinor field B ij and a Rarita-Schwinger spinor field B * ij µ . These s l = 1 fields are symmetric in flavor: B ij = B ji and B * ij µ = B * ji µ . For two quark flavors one has (using the notation for bottom baryons)
and similarly for B * µ . Again, because of heavy-quark spin symmetry, the J = 1/2 and J = 3/2 baryons with s l = 1 are degenerate, and the corresponding fields can be combined into a single field [7, 28] 
satisfying v µ S ij µ = 0 and
The s l = 0 baryons have J = 1/2 and can be described by a Dirac spinor field T ij , which is antisymmetric in i and j and satisfies the constraint
For two quark flavors, one has
In SU (2) chiral perturbation theory, the pions are described by an SU (2)-valued field Σ = exp(2iΦ/f ), which
For the purposes of heavy-hadron chiral perturbation theory, it is convenient to also introduce the field ξ = exp(iΦ/f ), so that Σ = ξ 2 . The field ξ transforms as
where the transformation matrix U (x) is a function of L, R and Φ(x), implicitly defined through the above equations. Under the vector subgroup L = R = V , the field ξ transforms as ξ → V ξV † . Therefore, the natural transformation laws for the heavy-hadron fields also involve the matrix U :
The leading-order heavy-hadron chiral perturbation theory Lagrangian is then given by [5] [6] [7] [8] 
where tr D denotes the trace in Dirac space, and the covariant derivatives are defined as
with the vector and axial-vector fields
The H and T fields are rescaled such that their masses do not appear in the Lagrangian. The quantity ∆ is the mass difference between the S and T baryons. This mass difference does not vanish in the chiral limit nor in the heavy-quark limit. From experiment, one has ∆ ≈ 200 MeV [13, 29] . Our definitions of the axial couplings g 1 , g 2 , and g 3 in Eq. (8) are related to the definitions of Yan et al. [5] and Cho [7] as follows [30] :
We introduced the minus sign on g 2 relative to the definition by Cho, so that in our conventions all three couplings are positive. The Lagrangian (8) has the same form for both SU (2) and SU (3) chiral perturbation theory, the only difference being that the flavor indices run from 1 to 2 and 1 to 3, respectively. The theory can be generalized to the partially quenched SU (4|2) or SU (6|3) cases, where the valence and sea quarks can have different masses; for more details see [20] and the references therein.
As can be seen by expanding the field ξ = exp(iΦ/f ) in Eq. (8) in terms of the pion field Φ, at lowest order the term with the axial coupling g 1 leads to an H-H-Φ vertex, the term with the coupling g 2 leads to an S-S-Φ vertex, and finally the term with the coupling g 3 leads to an S-T -Φ vertex.
B. Axial-current matrix elements in heavy-hadron chiral perturbation theory
The simplest quantities that depend on the axial couplings are the matrix elements of the axial currents between single-hadron states (an alternative approach to determine the axial couplings based on static hadron-hadron potentials is discussed in Ref. [31] ). To extract g 1 , g 2 , and g 3 , we will calculate the matrix elements of the axial current in both χPT and (lattice) QCD, and match the two with each other:
In QCD, the axial current is simply given by
To derive the expression for the axial current in heavy-hadron chiral perturbation theory, one can use the Noether procedure. For an infinitesimal local axial transformation,
one finds that the change in the leading-order Lagrangian is given by
with
where we have introduced the quantities
Equation (16) is the leading-order axial current in the chiral effective theory. In the following, we work with a particular flavor of the axial current,
which corresponds to the QCD currentdγ µ γ 5 u. To lowest order in the pion fields (zero pion fields), the part of the axial current that will contribute to the matrix elements we will consider reads
We will now calculate matrix elements of (19) at leading order. To this end, we canonically quantize heavy-hadron chiral perturbation theory. The following derivation allows us to determine the correct normalization of the matrix elements (canonical quantization cannot be performed in the partially quenched theory, but the normalizations can be inferred). We begin with the heavy mesons. Using Eq. (1), we find that the free part of the heavy-meson kinetic term in Eq. (8) is equal to
The states (25) are normalized as
We now calculate the matrix element P * d |A µ−(χPT) |P u . Expressing the mesonic part of the current (19) using the P and P * fields, we find
where we have only shown the piece that contributes to the matrix element considered here. By inserting the field operators (22) into Eq. (27), we immediately obtain, at zero residual momentum,
Next, we consider the s l = 1 baryon field S ij µ , for which the free part of the kinetic term in Eq. (8) is equal to
In the following we always assume that the flavor indices on the fields S ij and S ij are ordered as i ≥ j. We find the canonical anticommutation relations
The field operators can be written as
where
v 0 ∆, and the basis spinors satisfy the spin sum
Note that U µ (s) is not a Rarita-Schwinger spinor, but rather contains the degrees of freedom of both spin-1/2 and spin-3/2 baryons. The creation and annihilation operators satisfy the anticommutation relations
Here we define single-particle states via
which corresponds to the following normalization:
Using the expression (19) for the axial current, and the mode decomposition (31), we find the following leading-order matrix element of the axial current:
Finally, we consider the s l = 0 baryon field T ij . The free part of the kinetic term in Eq. (8) is equal to
For the T and T fields, we also assume in the following that the flavor indices are ordered (i > j). We obtain the canonical anticommutation relations
and the field operators can be written as
where k 0 = v · k, and the basis spinors satisfy the spin sum
The creation and annihilation operators satisfy the anticommutation relations
Again, we define single-particle states via
which are normalized as
Now we have all the ingredients to obtain the leading-order S-T transition matrix element of the axial current:
To go beyond leading order, we need to replace g 1 , g 2 , g 3 in Eqs. (28), (36) , (44) by "effective axial couplings" (g 1 ) eff , (g 2 ) eff , and (g 3 ) eff :
The next-to-leading-order expressions in the partially quenched SU (4|2) theory (for m
and m
), calculated via the perturbative expansion of the path integral, have been derived in Ref. [20] and are given
Here, m denotes the mass of a pion consisting of two valence quarks, and δ
2 . The functions I, H, H η and K, which arise from the chiral loops and include the leading effects of the finite spatial volume, are defined in Ref. [20] . At the order considered here, the analytic terms in Eq. (46) C. Axial-current matrix elements in lattice QCD
For the lattice QCD calculation, we construct interpolating fields for the heavy hadrons in terms of the quark fields as follows:
Here, a, b, c are color indices, and α, β, γ are spinor indices. The light-quark field of flavor i is denoted by q i (we will also use the notation u = q u , d = q d ), and the heavy-quark (antiquark) field is denoted by Q (Q). The tilde on the light-quark fields indicates that these are smeared over multiple spatial lattice sites, in order to improve the overlap of the interpolating fields with the corresponding ground-state hadrons and reduce excited-state contamination. We use gauge-invariant Gaussian smearing obtained bỹ
where ∆ (2) is a three-dimensional gauge-covariant lattice Laplacian which includes gauge links, σ is the smearing width and n S is the number of smearing iterations.
The heavy quark Q is defined in the static limit, and we set v = 0. The static heavy-quark field Q satisfies
Note that the interpolating field S ij µ α couples to both the J = 1/2 and the J = 3/2 baryons with s l = 1, with exactly the same relative amplitudes as (3) .
We use the local four-dimensional lattice axial current, where the quark and antiquark fields are evaluated at the same lattice point. This current requires a finite renormalization factor Z A to match the continuum QCD current:
The value of Z A depends on the lattice action used, as well as the lattice spacing. We will come back to this in Sec. III. As before, we will work with a specific flavor of the axial current:
In the following, we will omit the superscript "−(LQCD)" in the axial current (51) . Next, we define the overlap factors, which describe the overlap of the operators corresponding to the interpolating fields (47) with the relevant ground-state hadrons in QCD. Here, we use the same notation and normalization of states as in Sec. II B:
We stress that these states are now meant to be hadron states in (lattice) QCD, rather than in the chiral effective theory.
We calculate Euclidean two-point functions of the interpolating fields (47) , as well as Euclidean three-point functions with an insertion of the axial current (51) . These Euclidean correlation functions are obtained from the lattice path integral, which is performed numerically using importance sampling. In the following, we assume that the Wick rotation t → −it has been performed, so that t denotes the Euclidean time.
We calculate the following three-point functions, where ... denotes the path-integral over the gauge-and fermion fields (for the domain-wall action used in this work, there is also an additional path integral over Pauli-Villars fields [25, 35] ):
In addition, we calculate the two-point functions
As an example, we show how the two-point function
is constructed in terms of quark propagators. The lattice calculation is performed in the isospin limit of equal up and down quark masses. Inserting the definitions of the interpolating fields, and performing the Grassmann integrals over the fermion fields explicitly, we have
Here,G (q) denotes a smeared-source smeared-sink light-quark propagator and G (Q) a heavy-quark propagator. The notation ... U indicates the path integral over the gauge fields U only. In the last step in Eq. (55) 
For the static lattice action we are using, the heavy-quark propagator is equal to
whereŨ 0 is a spatially smeared gauge link in the temporal direction (more details will be given in Sec. III). Because the static heavy-quark propagator (57) contains the Kronecker delta δ x,0 , the sums over x in all the correlation functions, Eqs. (53) and (54), are eliminated. To calculate the three-point functions (53) in terms of quark propagators, we use pairs of light-quark propagators with smeared sources at (0, 0) and (0, t). This means that new inversions are needed for each value of t. By using the Hamiltonian and the momentum operator to shift the left interpolating operator from x to 0 and the axial current from x to 0, and inserting complete sets of states, we can show that
and
where the ellipsis indicates contributions from excited states, whose contribution relative to the ground-state contribution shown here vanishes exponentially for t → ∞, t → ∞, t − t → ∞ (here and in the following we assume an infinite temporal extent of the lattice). We will return to the discussion of excited states at the end of this section. Using the relations (23), (32) , and (40) to perform the spin sums (recall that here we have v = 0) and Eq. (45) to express the axial-current matrix elements in terms of the effective axial couplings (g 1 ) eff , (g 2 ) eff , (g 3 ) eff , we obtain
In the following, we remove the trivial spin-structure
, which comes purely from the heavy-quark propagator (57) , from all baryon correlation functions.
Because the lattice calculation is performed in the isospin limit (and in the static limit for the heavy quark), we have the relations
[the factor of √ 2 in the last line comes from Eq. (56)]. As a consequence of the equality of energies, the t -dependence of the ground-state contribution in the three-point functions
µνρ (t, t ) cancels completely. For these three-point functions, the t-dependence as well as the Z factors in the ground-state contribution can be canceled by forming the ratios
The numerical results for (63), (64), and (65) and the subsequent analysis will be described in Sec. IV. In the following, we discuss the contributions from excited states to the ratios. Again, we assume an infinite temporal extent of the lattice; with a finite temporal extent T this means that the following discussion is only valid for source-sink separations t that are smaller than T /2 by a sufficient distance (which is the case in our numerical calculations). We begin with R 1 , and define
where |P u n denotes the n-th excited state with a nonzero overlap 0|P u (0)|P u n , and similarly for |P * d n (ε) . Because of heavy-quark symmetry and isospin symmetry, all energies and Z-factors in the P u sector are equal to those in the P * d sector, and A
. Note that
The complete spectral decomposition of R 1 reads
Showing only the contributions from the ground states and first excited states, we find that
with the energy gap δ P = E P,2 − E P,1 . For a given value of t, the smallest contamination from excited states is obtained at the midpoint t = t/2. Evaluating (69) at t = t/2, we get
where denotes the real part. By using the Taylor expansion 1/(1 +
2 e −δ P t + ..., we obtain
where we have omitted terms that decay like e − 3 2 δ P t or faster, and are therefore exponentially suppressed relative to the terms shown in (71) at large t. The result for R 2 (t, t/2) has the same form (with suitable definitions of the overlap factors and matrix elements):
with A (SS) 11 = (g 2 ) eff and δ S = E S,2 − E S,1 . For the double ratio R 3 (t, t/2) we obtain, after Taylor-expanding the square root and omitting terms that decay faster than e −δ S t or e −δ T t ,
with A
The t-dependent terms in the right-hand-sides of Eqs. (71), (72) , and (73) are the leading excited-state contributions to the extraction of (g i ) eff from the ratio method.
III. LATTICE ACTIONS AND PARAMETERS
Our calculations are based on gauge field ensembles generated by the RBC/UKQCD collaboration. These ensembles include 2 + 1 dynamical light-quark flavors, implemented with a domain-wall action [24] [25] [26] . The gluons are implemented with the Iwasaki action [32, 33] , which is known to reduce the residual chiral symmetry breaking of the domain-wall action [34] .
The details of the actions used in generating the ensembles can be found in Ref. [35] . Our analysis includes the ensembles of size 24
3 × 64 and 32 3 × 64, which are described in Ref. [27] . These ensembles have lattice spacings of approximately 0.112 and 0.085 fm, respectively, so that the spatial volume is about (2.7 fm) 3 in both cases.
At the coarse lattice spacing, we used only the ensemble with am = 0.006. The values for the residual quark mass, which is the additive quark-mass renormalization coming from the residual chiral symmetry breaking at finite extent of the fifth dimension L s , are approximately am res = 0.0032 at the coarse lattice spacing and am res = 0.00067 at the fine lattice spacing. The sea-strange-quark masses are about 10% above the physical value [27] , and we assign a 1.5% systematic uncertainty to our final results for the axial couplings to account for this, based on the size of the effect on similar axial-current observables as determined using mass reweighting in Ref. [27] .
We calculated light-quark propagators using exactly the same domain-wall action that was used by the RBC/UKQCD collaboration for the sea quarks, with the same domain-wall height of aM 5 = 1.8 and extent of the fifth dimension L s = 16. We used propagator sources smeared according to Eq. (48), with σ = 4.35 and n S = 30. As summarized in Table I , we calculated propagators for valence quark masses am Table I , and plotted in Fig. 1 , are the corresponding masses of pions composed of the three different possible combinations of valence and sea quarks. The lightest valence-valence pion mass is 227(3) MeV, at the fine lattice spacing. For the heavy quark, we use a static action of the form given by Eichten and Hill [22] , which corresponds to heavyquark propagators of the form (57) . For the temporal gauge links in this action (or, equivalently, the propagators), we use HYP smeared links [37] with smearing parameters α 1 = α 2 = α 3 = 0.75. This leads to an exponential improvement in the signal-to-noise ratio [23] . The smearing procedure can be iterated n HYP times, leading to a broader smearing and further improvement of the signal-to-noise ratio. We generated data for n HYP = 1, 2, 3, 5, 10. While all of these actions have the same continuum limit, the dependence of the results on the lattice spacing is expected to be different for different values of n HYP . One may naively expect large discretization effects for large values of n HYP , which correspond to a large spatial extent of the heavy-quark-gluon interaction vertex. We will discuss this in detail when giving the numerical results in Sec. IV. Our final axial coupling results only make use of data generated with n HYP = 1, 2, 3.
As mentioned in Sec. II C, to perform the contractions for the three-point functions (53), we required pairs of lightquark propagators with sources located at the same spatial point and separated by t/a steps in the time direction. The numbers of measurements (propagator pairs) for each value of t/a are given in Table II . At the coarse lattice spacing, our data come from typically 120 statistically independent gauge field configurations; at the fine lattice spacing we used about 240 statistically independent gauge configurations of the am In most cases, we have more measurements than configurations, because we generated propagators from multiple source points on the lattice. In those cases, we have averaged over the source locations before the further analysis to remove possible autocorrelations. Within each of the three gauge field ensembles that we used, the data from different source-sink separations, different valence quark masses, and different values of n HYP are correlated with each other. In our analysis, we properly took into account these correlations using the statistical bootstrap procedure. The initial averaging over source locations mentioned above was also required to reduce all data from the same ensemble to matching ordered sets of measurements, as necessary to calculate the covariance matrices. It turned out that the correlations between the am u,d = 0.005 came from almost identical source locations, resulting in very strong correlations (these correlations were advantageous in constraining the quark-mass dependence in our chiral fits). Similarly, at the fine lattice spacing, the data from am Examples of numerical results for the ratios (63), (64), and (65) are shown in Fig. 2 (for a = 0.112 fm) and Fig. 3  (for a = 0.085 fm) . These ratios were calculated using statistical bootstrap to take into account the strong correlations between the three-point and two-point functions in numerator and denominator. Because of these correlations, the statistical uncertainties in the ratios are found to be smaller than those in the three-point functions themselves. To maximize correlations, it is essential to use the two-point functions from the source locations matching those of the three-point functions. The figures show results at two different values of the source-sink separation t in each case, for am We observe clear plateaus of R i (t, t ) as a function of t , whose extent appears to be slightly larger for the simple ratios R 1 and R 2 compared to the double ratio R 3 . The plateaus in t indicate that in these regions contributions from off-diagonal matrix elements of the axial current between a ground-state hadron and an excited state are negligible in comparison to the statistical uncertainties, because such a transition matrix element would introduce t -dependence [see Eqs. (68) and (69)]. For R 1 , the flatness with respect to t has previously been observed and discussed in Refs. [15, 18] .
We averaged R i (t, t ) over a symmetric range of t values around t/2 in a region where there was no statistically significant t dependence (requiring that the χ 2 /d.o.f. of correlated constant fits be of order 1). These regions and the extracted values, which we denote as R i (t), are indicated in Figs. 2 and 3 for representative data sets. The averaging in the plateau region is essentially equivalent to using
Indeed, because of the strong corrrelation between neighboring t points, we found that the averaging over t in the plateau region (which is again performed using bootstrap) gives almost the same result and uncertainty as R i (t, t/2). An alternative method for defining R i (t) is discussed in Appendix B. Summary plots of all the extracted values for R 1 (t), R 2 (t), and R 3 (t) at the different quark masses, lattice spacings, and numbers of heavy-quark smearing iterations n HYP are given in the appendix in Fig. 18 . Note that the numbers of measurements vary (see Table II ). The statistical uncertainties are found to grow quickly when t is increased or 
am (val)
u,d is decreased, as expected [38] . Furthermore, the statistical uncertainties are reduced with every iteration of HYP smearing in the static heavy-quark action, which is also expected [23] . While the results for (g i ) eff = lim t→∞ R i (t) from all fixed values of n HYP will become equal when the lattice spacing is taken to zero, at nonzero lattice spacing different values of n HYP will have different discretization errors. Indeed, R 1 and R 2 are seen to increase with n HYP . Remarkably, the results for R 3 are almost independent of n HYP within the statistical uncertainties even at nonzero lattice spacing. See also Fig. 6 in Sec. IV B for the n HYP -dependence of (g i ) eff = lim t→∞ R i (t).
B. Extrapolation to infinite source-sink separation
The effective axial couplings (g i ) eff at given values of the lattice spacing, the quark masses, and n HYP , are defined as the infinite-time limits of R i (t):
The t-dependence of R i (t) is caused by excited states, and at sufficiently large t, the contributions from the first relevant excitation dominates. The expected functional form of R 1 (t), R 2 (t), and R 3 (t) in this regime is shown in Eqs. (71), (72) , and (73), respectively. As can be seen in these equations, the "diagonal" contributions proportional to the matrix elements A 11 and A 22 decay exponentially like
where δ is the energy gap to the first excited state that has a nonzero overlap with the corresponding interpolating field as defined in Eq. (47); δ = δ P for R 1 , δ = δ S for R 2 , and δ = min(δ S , δ T ) for R 3 . Additionally, there are "off-diagonal" contributions proportional to the matrix elements A 12 and A 21 , which decay only like
However, as discussed in Sec. IV A and Ref. [18] , these off-diagonal contributions appear to be small, because the numerical results for R(t, t ) show plateaus as a function of t . We performed correlated fits to the lattice data for R i (t, a, m, n HYP ), which depends on the source-sink separation t, the lattice spacing a, the quark masses (here denoted generically as m), and n HYP , using the following functions:
Here δ i is the energy gap to the dominant excitation in R i . Because δ i is not constrained, it does not matter whether or not we include a factor of 1/2 in the exponent. Since the energy gap δ i is positive by definition, we choose to parametrize it as
using the logarithm l i (a, m, n HYP ) as the fit parameter. Because the statistical uncertainties in R i grow exponentially as t is increased, we were only able to perform the lattice QCD calculations in the range t < ∼ 1.1 fm. As can be seen in Table II , at the coarse lattice spacing (a = 0.112 fm) we have data for t/a = 4, 5, 6, 7, 8, 9, 10. We found that the functions (79) described the data from the coarse lattice spacing well for all these values of t/a. The smallest statistical uncertainties are obtained for am (val) u,d = 0.005 and n HYP = 10, and therefore we first performed unconstrained fits to this data set, obtaining the following fit results (l i converted to δ i = e li /a):
The corresponding fits and the data points are shown in the left-hand side of Fig. 4 . Notice that the fit to R 1 gives an energy gap consistent with recent lattice QCD results for the 2S radial excitation energy of about 0.75 GeV [39, 40] . This is expected, because our interpolating fields (47) for the heavy-light mesons have S-wave-type smearing and therefore do not couple to the lower-lying 1P state. The fit result (and the flatness of the plateau as a function of t ) indicates that the data for R 1 are dominated by
with a negligible off-diagonal matrix element A At the fine lattice spacing, we only have data for t/a = 6, 9, 12 (for am (val) u,d = 0.002, 0.004) or t/a = 13 (for am (val) u,d = 0.006). Because the energy gap in physical units is not expected to have an a-dependence that is larger than the statistical uncertainties in (81) , it is possible to use the fit results for l i from the coarse lattice spacing to constrain the parameters l i at the fine lattice spacing (at similar pion masses). As a first step, we performed fits to the data from the fine lattice spacing with am (val) u,d = 0.004 and n HYP = 10, where only the parameters l i were constrained using an augmented χ 2 with a Gaussian prior for l i ,
Here 
At the fine lattice spacing, it was necessary to remove the data points with the shortest separation t/a = 6 to obtain acceptable single-exponential fits. Therefore, the resulting gap parameter matches exactly the prior, and χ 2 /d.o.f. is undefined. The central values of the overlap parameters A i in (84) are larger than in (81), indicating a stronger overlap of the interpolating fields with excited states at the fine lattice spacing. Different overlap factors were expected here, because the smearing width of the light-quark fields in physical units was different (we used the same smearing width in lattice units for both lattice spacings). The fit curves are shown in the right-hand side of Fig. 4 .
We then performed new fits to the data for all values of the quark masses and n HYP . For those fits, the parameters (g i ) eff (a, m, n HYP ) were left unconstrained, but Gaussian priors were used for both l i and A i , with central values and widths as taken from the initial fits (81) for the coarse lattice spacing and (84) for the fine lattice spacing. Examples of these fits are shown in Fig. 5 . The only assumption made by using the priors is that the dependence of l i and A i on n HYP and on the quark masses is smaller than the width of the priors as determined by the statistical uncertainties in (81) and (84). Given that these widths were 25% or larger in all cases, this appears to be a reasonable assumption. As a test, we also performed unconstrained fits where possible, which gave consistent results but were less stable. The results for (g i ) eff (a, m, n HYP ) are given in Tables III and IV, To estimate the systematic uncertainties caused by higher excited states, we calculated the shifts in (g i ) eff for a representative data set at the coarse lattice spacing (am (val) u,d = 0.002, n HYP = 3) when removing one or two data points with the smallest t/a (= 4, 5) from the fits, or adding a second exponential to the fit function,
Because the available data were not sufficient to determine the new parameters B i and δ
i , we used Gaussian priors to constrain these parameters to physically reasonable values. The parameters B i describe the amplitudes of the second-excited-state contribution, relative to the first-excited-state contribution, and we setB i = 0,σ Bi = 2. For the energy gaps a δ V. Since the shifts δ(g i ) eff themselves have statistical uncertainties σδ(g i ) eff , we choose to quote the maximum value of
from the three different methods (removing t/a = 4, removing t/a = 4, 5, or adding a second exponential) as our estimate of the systematic uncertainties in (g i ) eff caused by higher excited states. The final estimates are 1.7%, 2.8%, and 4.9% for g 1 , g 2 , and g 3 , respectively. Because the shifts δ(g i ) eff in Table V are consistent with zero in most cases, an alternative way of estimating the systematics is to consider only the increase (calculated with quadrature) in the uncertainties of the fitted parameters when the fits are modified by removing data points or including higher-order terms. We will use that method for the chiral fits at the end of Sec. IV C, see Eq. u,d = 0.002, nHYP = 3. Shown are the fit results for (gi) eff , as well as the differences δ(gi) eff to the original fit result, calculated using bootstrap.
C. Extraction of the axial couplings g1, g2, and g3 using HHχPT fits of the data
In the previous section, we obtained results for the effective axial couplings (g i ) eff (a, m, n HYP ) at two different lattice spacings a, multiple values for the quark masses am (sea) u,d and am (val) u,d , and multiple values for the heavy-quark gauge-link smearing parameter n HYP (corresponding to multiple heavy-quark lattice discretizations). All data are for a finite spatial volume of about (2.7 fm) 3 . In the following, we discuss how we extracted the axial couplings g 1 , g 2 , g 3 , which are the parameters of the continuum heavy-hadron chiral perturbation theory Lagrangian (8) , from the data for (g i ) eff (a, m, n HYP ).
To fit the quark-mass and volume dependence of (g i ) eff we use the next-to-leading-order predictions from HHχPT [20] , which were already shown in Eq. (46) . Here, we extend these formulas to include the leading effects of the nonzero lattice spacing a. These leading effects are quadratic in a, with coefficients d i, nHYP that depend on n HYP . We do not expect O(a) errors because of the chiral symmetry of the domain-wall action used for the light quarks (neglecting the small effects caused by the residual chiral symmetry breaking at finite L s [27] ) and the automatic O(a) improvement of the static heavy-quark action. Higher-order effects in the a-and m π -dependence of (g i ) eff are discussed at the end of this section.
For (g 1 ) eff , the fit function is given by
Similarly, for (g 2 ) eff and (g 3 ) eff , we use
The functions I, H, H η and K are the chiral loop corrections [20] . They include finite-volume effects and therefore they also depend on the lattice size. Furthermore, these functions depend on the renormalization scale µ, but this scale-dependence is absorbed by the fit parameters c , as we checked explicitly by varying µ in the fits. We set the pion decay constant to f = 132 MeV and the S − T mass splitting in Eqs. (88) and (89) to ∆ = 200 MeV. This value of ∆ is consistent with experiments [13, 29] and with our lattice data (we also checked that varying ∆ within a few percent does not significantly affect the results for the axial couplings). We calculated the covariances of all correlated data points in Tables III and IV using bootstrap, and performed fully correlated fits using the inverse of the covariance matrix in the definition of χ 2 . This method propagates the uncertainties and correlations of (g i ) eff , as obtained from the fits to the ratios R i , into the extracted parameters g i of the HHχPT Lagrangian.
Results from fits of the (g 1 ) eff data using the function (87) are given in Table VI and Fig. 7 . The fit parameters are
1 , and {d 1, nHYP } (the latter for all values of n HYP that were included in the fit). We performed fits that included data with multiple values of n HYP , as well as individual fits including only data with one value of n HYP . The fits that included multiple values of n HYP enforced a common continuum limit of the data with different n HYP , but with separate a 2 -coefficients d 1, nHYP for each n HYP . While we know that the actual continuum limit for all values of n HYP has to be the same (if we took a to zero in the numerical calculations), we only have data for two different values of a, and one may question whether the approach of the continuum limit is described by a simple a 2 -dependence as assumed in Eq. (87). In particular, one may be worried that large values of n HYP , which correspond to more spatially extended heavy-quark actions, could lead to non-negligible contributions from higher powers of a [23] . To investigate this, we started from a fit that included all values of n HYP (1, 2, 3, 5, 10) , and then successively removed the data with the largest values of n HYP . As can be seen in Table VI and Fig. 7 , the fit including the data from all values of n HYP had a poor quality, Q = 0.17, and gave a somewhat low value for g 1 . After excluding n HYP = 10 and n HYP = 5, the fits had a good quality and the results for g 1 were stable under further exclusions of the largest n HYP -values. The fit including n HYP = 1, 2, 3, which has Q = 0.70, gave the result
Estimates of the systematic uncertainties in (90) will be given at the end of this section. The results from the fits including only one value of n HYP were all consistent with (90), even for n HYP = 10. This suggests that higher powers of a 2 are actually negligible for the values of the lattice spacings considered here (a = 0.085 fm and a = 0.112 fm). The deviating value of g 1 as well as the poor Q for the fit that included all values of n HYP simultaneously are likely caused by technical issues with the covariance-fitting of highly correlated data, associated with small eigenvalues of the data correlation matrix [41] . We will return to the discussion of higher-order discretization effects at the end of this section. For the baryonic axial couplings, we performed simultaneous, fully correlated fits to the data for (g 2 ) eff and (g 3 ) eff using the functions (88) and (89), with the fit parameters g 2 , g 3 , c and {d 2, nHYP , d 3, nHYP } (the latter for all values of n HYP that were included in the fit). As already discussed in the fits for (g 1 ) eff , we performed fits that included data with multiple values of n HYP , as well as individual fits including only data with one value of n HYP . The results are shown in Table VII and Fig. 8 . Again, we select the fit that includes n HYP = 1, 2, 3, which gives
This fit also had the highest value of the quality of fit, Q = 0.92. Estimates of the systematic uncertainties in (91) will be given at the end of this section. As can be seen in The corresponding likelihood function is plotted in Fig. 9 .
As another check, we performed fits of (g i ) eff where we excluded all the partially quenched data (i.e keeping only the unitary data with m
In that case, only one analytic counterterm is needed for each coupling, and we removed the terms c
2 from Eqs. (87), (88), and (89). These fits, again using n HYP = 1, 2, 3, then gave g 1 = 0.467 ± 0.056, g 2 = 0.92 ± 0.22, and g 3 = 0.72 ± 0.14, in full agreement with (90) and (91) and with slightly larger uncertainties.
Plots of the functions (g 1 ) eff , (g 2 ) eff , and (g 3 ) eff , with the parameters from the fits including the complete data with n HYP = 1, 2, 3 [i.e. the fit that gives the results (90) and (91) π . At the two nonzero values of a, the functions were evaluated for n HYP = 3 and the corresponding data points are also shown (in the continuum limit, the functions for n HYP = 1, 2, 3 are all equal). To allow the inclusion in these plots, the data points were shifted to infinite volume using
where we use the notation m = (m 
j ) where g The functions (g 2 ) eff and (g 3 ) eff develop small imaginary parts for pion masses below the S → T π threshold at m π = ∆ [20] (the lattice data are all above the threshold). The extracted parameters g 1,2,3 are real. Figures 11, and  12 show the real parts of (g 2 ) eff and (g 3 ) eff only, which have kinks at the thresholds.
The fit results for the parameters c
, which describe the analytic contributions, were natural-sized, i.e. of order 1/Λ 2 χ with Λ χ ≈ 4πf π , for the renormalization scale µ = 4πf π . The fit results for the parameters d i, nHYP , which describe the lattices-spacing dependence, were also of natural size and consistent with zero within the statistical uncertainties. The absence of significant a-dependence can also be seen in Figs. 10, 11 , and 12.
The individual contributions from different classes of Feynman diagrams in HHχPT [20] to the fitted functions (g 1 ) eff , [(g 2 ) eff ], and [(g 3 ) eff ] (evaluated for a = 0, L = ∞, and m Figs. 13, 14 . Note that while the sum of all contributions (including the analytic terms) is independent of the renormalization scale µ, the individual contributions are not, and the figures are based on the natural scale µ = 4πf π . For the range of pion masses considered here, the NLO contributions are significantly smaller than the LO contribution (which is equal to g i ). This, and the natural size of the fitted coefficients c
, indicates that the chiral expansion of the axial-current matrix elements is well-behaved here.
To estimate the size of systematic uncertainties caused by the missing NNLO terms in the fits to the quark-mass and lattice-spacing dependence, we performed fits to the data using modified functions (g i )
Here we used Λ χ = 4πf π with f π = 132 MeV, and Λ QCD = 300 MeV. The fit results for the axial couplings g i as a function of the width factor w are given in Table IX . While the case w = 0 corresponds to the original NLO fits, in the limit w → ∞ the new parameters would become unconstrained (because we have insufficient data, we are unable to perform fits in this limit). As can be seen in Table IX , the shifts in the central values of the axial couplings are smaller than the statistical errors up to the very large width w = 100. This is a consequence of the smallness of the quantities m a
The shifts in the central values fluctuate statistically and can be close to zero even for large w (at least for g 1 ). However, including the higher-order terms leads to a systematic increase in the uncertainties of the fit parameters g i (as calculated from the Hessian of χ 2 ), as expected. Also shown in the table is the quantity
where σ(g i ) (NLO) is the original uncertainty of g i from the NLO fit, and σ(g i ) (NLO+HO) is the new uncertainty of g i from the higher-order fit (95). To calculate (96) we used more digits for σ(g i ) (NLO) and σ(g i ) (NLO+HO) than shown in Table IX . Equation (96) gives the additional uncertainty in g i , calculated using quadrature, that results from the higher-order terms. This additional uncertainty δσ(g i ) scales roughly linearly with the width parameter w. For a reasonable choice of w, the quantity δσ(g i ) can be considered to be the systematic uncertainty in g i from the NLO fit due to the missing NNLO terms. Here we choose the conservative value of w = 10 for this purpose. The resulting estimates of relative systematic uncertainties can be found in Table X . There, we also show the estimates of the other relevant sources of uncertainties: effects of higher excited states in the fits to R i (t) as discussed in Sec. IV B, and the effects the sea-strange-quark mass being about 10% above the physical value, as discussed in Sec. III. Including the estimates of the total systematic uncertainties, our final results for the axial couplings, based on (90) 
Source g1 g2 g3 NNLO terms in fits of mπ-and a-dependence 3.6% 2.8% 3.7% Higher excited states in fits to Ri(t) 
0.000 0. 
0.000 0. π . The renormalization scale is µ = 4πf .
V. COMPARISON WITH PREVIOUS RESULTS FOR THE AXIAL COUPLINGS
We begin this section by discussing previous lattice calculations of the heavy-meson axial-current matrix elements and the corresponding extractions of g 1 . A summary of results is shown in Table XI. All of the past works used an order-a improved Wilson action [42] for the light quarks, and variants of the Eichten-Hill action [22, 23] for the static heavy quark. The first lattice estimate for g 1 was obtained in the pioneering work of Ref. [14] , using a 12 3 × 24 lattice and quenched gauge fields, where the fermion determinants in the path-integral weight are set to 1, which means that the vacuum-polarization effects of the light quarks are neglected. In Ref. [14] , the average of (g 1 ) eff from two different valence pion masses (760 MeV, 900 MeV) was taken as the result for g 1 . Quenched calculations of g 1 were also reported in Refs. [15] and [16] . The results for g 1 in these works were obtained by extrapolating data for (g 1 ) eff , at pion masses in the range of about 550 to 850 MeV, linearly in [m Since calculations without sea quarks have uncontrolled systematic errors, more recent lattice calculations of g 1 have been performed with dynamical flavors, albeit only for n f = 2. The first of these was done in Ref. [17] , using two different lattices of sizes 12
3 × 24 and 16 3 × 32, and pion masses in the range 490 -1100 MeV. Stochastic all-to-all propagators were used to reduce the statistical uncertainties. In Ref. [17] , the data for the axial-current matrix elements (g 1 ) eff was fitted using different approaches: linear in m π , using the average of g 1 from the linear and the linear+quadratic+logarithmic fits as the final result. A second unquenched calculation was published in Ref. [18] , using three different lattice spacings and pion masses in the range from 400 to 1100 MeV. In Ref. [18] , the coupling g 1 was obtained from a linear+logarithmic fit of (g 1 ) eff . Recently, the axial couplings of orbitally excited heavy-light mesons were also included [43] . Another n f = 2 calculation of g 1 was reported in Ref. [19] , with three different lattice spacings and pion masses down to 250 MeV. In Ref. [19] , the result of an extrapolation of (g 1 ) eff linear in m 2 π was given as the value of g 1 . The coefficient of the chiral logarithm used in the fits of the axial-current matrix elements (g 1 ) eff in Refs. [17] and [18] was set equal to that of the strong decay P * → P π in SU (2) HHχPT [44] , because the corresponding loop contributions for the axial-current matrix elements were not known at that time. The NLO expression for the strong-decay amplitude in SU (2) HHχPT is proportional to
We have recently derived the NLO expressions for the axial-current matrix elements in SU (2), SU (3), SU (4|2), and SU (6|3) HHχPT [20] . As discussed in Ref. [20] , the chiral expansion of the axial-current matrix elements contains an additional tadpole loop contribution, which modifies the coefficient of the logarithm. In the SU (2) case, one has
Because g π is decreased (see Fig. 10 ). The results for g 1 from the previous unquenched lattice calculations, which incorrectly used Eq. (98) or did not include any logarithm in the fits, would be significantly lower if the correct HHχPT formula (99) had been used instead. We have attempted fits to the data of [17] [18] [19] using Eq. (99), obtaining values of g 1 that are about 10 to 20% lower than what is published in these works. Note, however, that HHχPT is not expected to converge in the upper range of the pion masses in [17, 18] . For the data used in the present work, incorrect fits linear in m 2 π or using Eq. (98) give values for g 1 that are higher than the correct result, Eq. (90), by 12% and 8%, respectively.
Next, we move to the discussion of various theoretical estimates of the axial couplings g 1 , g 2 , g 3 based on approximations, models, and experimental data. A comparison of these estimates to our QCD results is shown in Table XII A is set to 0.75, the value needed to reproduce the experimental value of the nucleon axial charge, one obtains g 1 = 0.75, g 2 = 1.5, g 3 = 1.06, still significantly larger than our QCD results. The predicted ratios of the axial couplings in the NRQM are, however, consistent with our lattice determination. The relativistic quark models of Refs. [45] and [46] give g 1 = 1/3 and g 1 = 0.6 ± 0.1, respectively. Where decay widths or branching fractions are listed under "Method", these are experimental inputs. As discussed in the main text, the axial couplings extracted from experimental data are defined away from the static limit in some cases. When a reference contained multiple results for the same coupling and did not specify which one is the most reliable, we quote here the range from the lowest result minus its uncertainty up to the highest result plus its uncertainty.
Another theoretical approach for estimating the axial couplings is the large-N c limit of QCD, where N c is the number of colors. In the limit N c → ∞, one finds that the baryonic couplings satisfy the relation [47, 57] 
For comparison, our lattice QCD result for this ratio is
and the nonrelativistic quark model predicts g 2 /g 3 = √ 2 ≈ 1.41. The axial couplings have also been estimated using sum rules [48] [49] [50] [51] [52] [53] , with results as shown in Table XII . For the heavy-meson coupling g 1 , most sum rule determinations are smaller than our lattice QCD result, and much smaller than the NRQM value. In contrast, the values of g 2 and g 3 obtained using sum rules in Ref. [53] are larger than our lattice results.
Experimental data for various heavy-hadron decay processes has also been used to determine the axial couplings. In Ref. [54] , electromagnetic interactions were included in HHχPT, and the coupling g We can also make predictions for the radiative decay Ξ * 0 c → Ξ 0 c γ, which is forbidden at tree level but can be mediated by loops because of flavor-SU (3) breaking. Using HHχPT, it has been shown that the branching fraction of this decay is related to the axial coupling g 2 as follows [73] :
Combining this with our lattice QCD result for g 2 , Eq. 
Next, we discuss the strong decays of bottom baryons. To calculate these widths, we evaluated (102) for
In this case the values of g 3 + κ J m Q are determined dominantly by the lattice result (97) for g 3 : Hadron Ref. [52] Ref. [64] Ref. [61] Ref. [65, 66] In our previous work [21] we predicted that the widths of the Ξ b and Ξ * b are less than 1.1 and 2.8 MeV, respectively. Very recently, the CMS collaboration has observed the Ξ * 0 b , finding a width of 2.1±1.7 MeV [70] 1 . The mass difference to the Ξ 
Using the results (110) and (111), we can update our calculation of the Ξ * 0 b width and find Γ[Ξ * 0
Given the observed mass difference (110), and assuming that
+ is kinematically forbidden.
VII. CONCLUSIONS
The chiral dynamics of mesons and baryons containing a heavy quark is controlled at leading order by three axial couplings g 1 , g 2 , and g 3 . Knowledge of the values of these couplings is an essential ingredient for precision QCD calculations in flavor physics. In this paper, we have discussed in detail the first complete lattice QCD determination of g 1 , g 2 , and g 3 . We have extracted the axial couplings by fitting numerical data for matrix elements of the axial current using the quark-mass and volume dependence calculated in SU (4|2) heavy-hadron chiral perturbation theory. Our final results are g 1 = 0.449 ± 0.047 stat ± 0.019 syst , g 2 = 0.84 ± 0.20 stat ± 0.04 syst , g 3 = 0.71 ± 0.12 stat ± 0.04 syst .
The systematic uncertainties in (113) are very small, because our analysis is based on data at low pion masses, with a large volume, and at two different lattice spacings. We have also carefully removed the excited-state contamination in the matrix elements by extrapolating the ratios of correlation functions to infinite source-sink separation. Previous lattice calculations of heavy-hadron axial couplings had only considered the mesonic coupling g 1 . The early calculations of g 1 did not include dynamical quarks and hence are contaminated by uncontrolled systematic errors. The n f = 2 calculations typically used large quark masses and the fits to the quark-mass-dependence were performed either linearly in m For the range of pion masses considered in our work (230 MeV < ∼ m π < ∼ 350 MeV), the chiral expansion of the axial-current matrix elements between heavy-light hadron states is found to be well-behaved. The next-to-leadingorder contributions are small compared to the leading-order contributions, and NNLO contributions are negligible. The rapid convergence of the chiral expansion is also a consequence of the smallness of the static-light axial couplings (113). It is interesting to compare the chiral dynamics of hadrons containing a heavy quark with that of light baryons. Being particularly light, the interactions of virtual pions (and other pseudo-Goldstone bosons) produce significant contributions to many properties of baryons, and generically these effects scale quadratically with the strength with which a given baryon sources pions. This, in turn, is determined by the relevant axial coupling, g 1,2,3 in the case of heavy hadrons, and g A ≈ 1.26, |g N ∆ | ∼ 1.6 and g ∆∆ ∼ −1.9 in the case of light baryons [75, 76] . From the numerical values of these couplings, it is apparent that chiral dynamics is more perturbative for heavy-light hadrons than that for light baryons.
Our results for the heavy-light axial couplings, Eq. We have used our results for g 2 and g 3 to calculate strong and radiative decay widths of charm and bottom baryons. For the strong decays, we have taken into account the order-1/m Q corrections, which we have constrained by combining experimental data for charmed baryon decay rates with our lattice determination of g 3 . We found that the 1/m Q corrections are significant (their effect on the amplitudes for Σ ( * ) Q → Λ Q π decays is about 40% at m Q = m c and about 13% at m Q = m b ). As a consequence, the coupling g 3 cannot be reliably extracted from experimental data for charmed baryon decays alone, and our lattice calculation in the static limit is crucial to calculate the widths of bottom baryons. Our results for the widths of the Σ ( * ) b baryons are in agreement with recent measurements at Fermilab.
Our determination of the axial couplings can also improve the precision of future lattice QCD calculations of other heavy-hadron properties such as masses, decay constants, and form factors, because the axial couplings control the dependence of these properties on the light-quark masses. Therefore, the calculation of the axial couplings from first principles also has an impact on searches for beyond-the-Standard-Model physics at the LHC and the planned SuperB experiment. Importantly, our results include the baryonic couplings g 2 and g 3 . Heavy baryons may offer additional opportunities for probing the structure of new physics as a consequence of the different spin quantum numbers. 18 . Summary of all data points for R1(t), R2(t) and R3(t). At each value of t/a, results from up to five different values of nHYP are shown (from left to right: nHYP = 1, 2, 3, 5, 10; points offset horizontally for legibility; in some cases there are no results for R3 for the lowest values of nHYP, because the statistical fluctuations were too large to calculate the square root of the double ratio). In physical units, the range of the horizontal axis in all plots is from t = 0.336 fm to t = 1.23 fm.
R i (t, t ).
(B2)
For large t, one expects [78, 79] S i (t) ≈ c i + (g i ) eff t,
with some constant c i . Thus, the coupling (g i ) eff can be extracted by taking the derivative [19, 81] ,
which is approximated by a finite difference on the lattice. Assuming that there is a nonvanishing off-diagonal matrix element of the axial current between the ground-state hadron and an excited state with an energy gap δ (for our data, contamination from off-diagonal matrix elements actually appears to be very small, as discussed in Secs. IV A and IV B), one expects that the systematic uncertainties of (B1) and (B4) due to this excited state are of order [81] R i (t) − (g i ) eff = O(e (t) decays effectively with twice the energy gap relevant for (g i ) eff (t), but at the cost of an additional factor of t in front of the exponential, which may be important at intermediate values of t.
Alternatively to taking the derivative as in Eq. (B4), one may fit S i (t) using the linear function (B3) with parameters c i and (g i ) eff . In Fig. 19 , we show numerical results for S i (t), along with such fits. In Fig. 20 , we compare numerical results for the standard ratio (B1), the derivative of the summed ratio (B4), and the results for (g i ) eff from linear fits to S i (t) using Eq. (B3). For our data, the results from the summation method, especially for the derivative of the summed ratio, are seen to suffer from much larger statistical uncertainties than the standard ratio. This was also found in Ref. [81] and is not unexpected, because the relative statistical uncertainty in the difference of two similarly-sized observables (the discrete derivative used here) is much larger than the relative statistical uncertainty in the individual observables. Of course there are correlations which can improve the situation, and we did take these into account when calculating (B4), but because of the way that our lattice calculation was set up (data at successive values of t did not always have neighboring source locations), the correlations were not optimal.
It appears that the systematic errors of the results from the summation method at short t are similar in magnitude to the systematic errors of the results from the standard ratio method at the same t, but the deviations from (g i )eff have the opposite sign. This shows that valuable information about systematic errors can be obtained by comparing both methods. For the present data, our process of extrapolating the results from the standard ratio to infinite t is superior because of the much smaller statistical uncertainty.
Similarly to the work done in Ref. [81] , we also studied models for the three-point and two-point functions with excited states. We found that at intermediate values of t, the systematic uncertainties of (B1) and (B4) were strongly dependent on the assumptions made in the model. For some models, the standard ratio showed an adantage while for others the summation method showed an advantage, so that again we were not able to draw definitive conclusions.
Further methods for the calculation of hadron-to-hadron matrix elements are based on the Generalized Eigenvalue Problem [81] and the "Generalized Pencil-of-Function" [82] . These techniques use matrices of correlation functions with multiple interpolating fields to reduce the excited-state contamination at finite t. Because we only have data from one interpolating field for each hadron, we cannot test these methods here. u,d = 0.04 (close to the physical strange quark mass; the large mass was chosen here for the smaller statistical uncertainties) and nHYP = 3. Shown is the dependence on the source-sink separation t. The derivative of the summed ratio, Eq. (B4), is approximated using R sum i = [Si(t) + Si(t + a)]/a and plotted with square symbols at t + 1 2 a. The results for (gi) eff from linear fits to Si(t) using Eq. (B3) are plotted with diamond symbols. We performed fits in the range t = tmin ... 10 a, and the results are plotted at t = tmin + 1 4 a. For the data from the standard ratio method (circles), the curves indicate the results of fits with the form Ri(t) = (gi) eff − Ai e −δ i t with free parameters (gi) eff , Ai, and δi [see Sec. IV B].
